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Graphitization, a common process involving the transformation of metastable nongraphitic carbon
into graphite is one of the major present-day challenges for micro- and nanocarbons due to their
unique structural character and highly unusual thermal activation. Here we report on the successful
graphitization of nanocrystalline carbon microcoils prepared by catalytic chemical vapor deposition
and post-treated in argon atmosphere at temperatures 2500 °C for 2 h. The morphology,
microstructure, and thermal properties of the carbon microcoils are examined in detail. The
graphitization mechanism is discussed by invoking a model of structural transformation of the
carbon microcoils. The results reveal that after graphitization the carbon microcoils are prominently
purified and feature a clear helical morphology, as well as a more regular and ordered
microstructure. The interlayer spacing of the carbon microcoils decreases from 0.36 to 0.34 nm,
whereas the mean crystal sizes in the c- and a-directions increase from 1.64 to 2.04 nm and from
3.86 to 7.21 nm, respectively. Thermal treatment also substantially improves the antioxidation
properties of the microcoils by lifting the oxidation onset temperature from 550 to 672 °C. This
process may be suitable for other nongraphitic micro- and nanomaterials. © 2008 American
Institute of Physics. DOI: 10.1063/1.2963712
I. INTRODUCTION
Micro- and nanocarbon materials exist in several stable
and exotic uncommon for bulk carbon forms, such as
fullerenes,1 tubes,2,3 fibers,4 porous carbon,5,6 rods,7 cones,8
tips,9,10 or coils.11,12 This variety of structural arrangements
makes them have highly unusual and unique electrical, mag-
netic, optical, and mechanical properties.13–15 These materi-
als are commonly fabricated by various methods including
arc discharge, laser vaporization, pyrolysis, thermal, and
plasma-enhanced chemical vapor deposition CVD as well
as other methods.16–19 Carbon micro- and nanocoils repre-
sent a new class of quasi-one-dimensional carbon materials
with intricate helical structures, which have recently attracted
a great deal of interest from the research community and
industry owing to their outstanding characteristics, such as
strong absorption of electromagnetic waves, enhanced hy-
drogen adsorption and storage, superelastic properties, etc.
Thus, carbon microcoils are expected to have widespread
practical applications in novel electromagnetic wave absorb-
ers and filters, highly sensitive gas detectors and absorbers,
micromagnetic sensors as highly elastic electric conducting
wires, and some other areas.20,21
Graphitization is a simple yet effective heat-induced
transition from a disordered and metastable nongraphitic to
the ordered graphitic structure; this process is quite common
for bulk carbon materials. In particular, this treatment makes
it possible to remove a large number of foreign atoms and
defects.22,23 Previous studies suggest that the heat treatment
not only improves the morphology of carbon materials but
also significantly alters their microstructure.24,25 However,
this process still remains a major challenge for micro-/
nanocarbons because of their unique structural characteristics
such as particle size, thickness, surface morphology, and
other attributes.26,27
In this paper, carbon microcoils with a diameter in the
2–6 m range were prepared by the CVD method and were
subjected to graphitization treatment in argon atmosphere at
2500 °C. This process led to a higher graphite phase content
and hence, notable improvements of the internal structure of
the carbon microcoils. The morphology, microstructure, and
thermal properties of the as-grown and graphitized carbon
microcoils were investigated through scanning electron mi-
croscopy SEM, Raman spectroscopy, x-ray diffractometry
XRD, and thermal gravimetric analysis TGA. A simple
graphitization mechanism was also proposed to explain the
observed structural transformations of the carbon microcoils.
II. EXPERIMENTAL
A quartz tube outer diameter of 30 mm, inner diameter
of 25 mm, and length of 1200 mm was used as a process
reactor; it was installed in a horizontal electric furnace 600
mm in length. Fine Ni powders dispersed on a graphite sub-
strate were used as catalyst. Commercial acetylene dissolved
in acetone with a small amount of thiophene impurity was
used as a source of carbon material. The growth process was
conducted using a gas mixture of acetylene, hydrogen, and
nitrogen, which was introduced into the reaction tube with
the flow rates of 20, 60, and 40 ml/min, respectively; the
reaction temperature was maintained in the range of
740–760 °C. During the graphitization stage, the as-grown
carbon microcoils were subjected to 120 min long heat treat-
ment in an argon atmosphere at 2500 °C.
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The identification of the crystalline phases was made
through XRD D/Max-3c, Rigalcu utilizing a scintillation
detector of Cu K radiation =0.15 nm in the range of
incident angles 2 10° –70°. The morphology of the car-
bon coils was examined with SEM Quanta 200 microscope,
Philips. A micro-Raman system Almega, Nicolet with a
laser wavelength of 532 nm was used in analyzing the mi-
crostructure of the carbon coils. The thermal properties of the
carbon coils were examined using the TGA Q50, TA Instru-
ments, where the samples with mass of approximately 5 mg
were placed in a standard platinum crucible. The experi-
ments were performed at a heating rate of 10 °C /min at
temperatures up to 900 °C in a dynamic atmosphere of syn-
thetic air flow rate of 6 dm3 /h.
III. RESULTS AND DISCUSSION
In this section, we will present the results of comprehen-
sive analysis of morphological and structural features of
nanocrystalline carbon microcoils before and after the
graphitization treatment using SEM and Raman spectros-
copy, followed by studies of crystallinity and characteristics
of the crystalline structure using XRD. Special attention will
be paid to the remarkable improvement of thermal and oxi-
dation stability of the graphitized coils as compared to the
as-grown specimens. This section will conclude with a quali-
tative model of structural transformations that take place dur-
ing the microcoil graphitization process.
A. Morphological and structural features
Using the Ni powder catalyst at reaction temperatures
740–760 °C, springlike carbon microcoils uniformly distrib-
uted over the graphite substrate were formed see Fig. 1a.
In addition to springlike carbon coils, we also observed a
small amount of carbon particulates. The coil yield versus
acetylene conversion was approximately 12%; it was calcu-
lated by dividing the total weight of carbon microcoils by the
weight of carbon element in acetylene.28 The carbon micro-
coils have a three-dimensional helical structure with a coil
diameter of 2–6 m, coil pitch of 0.6–0.9 m, and coil
length of 0.3–5 mm. The carbon microcoils show a very
good elasticity and can be stretched to exceed their original
length for two to five times, as shown in Fig. 1b. It can be
clearly seen that the carbon microcoils feature a double he-
lical structure. Figure 2 shows the morphology of the as-
grown and the graphitized carbon microcoils. The cross sec-
tion of each coil turn appears to be flatshaped. Moreover,
traces of carbon black and noncrystalline carbon can be spot-
ted on the coil surfaces. Compared to the as-grown carbon
microcoils, helical patterns of the graphitized carbon micro-
coils did not change. However, most of the contamination
was removed from the microcoil surfaces, with only some
impurities remaining on them after the heat treatment.
Raman spectroscopy offers an effective method to iden-
tify the structure of carbon-based materials. Raman spectra
of disordered carbon commonly show characteristic bands
centered at approximately 1352 and 1586 cm−1.29 Here, the
band at 1586 cm−1 G band originates mainly from the
Raman-active E2g mode of carbon atoms in single-crystalline
FIG. 1. SEM images of the carbon microcoils: a as-grown and b
stretched.
FIG. 2. SEM images of the carbon microcoils: a before graphitization and
b after graphitization.
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graphite; this band quantifies the degree of ordering of
graphite layers within the material. The band near
1352 cm−1 D band is a characteristic of disordered states
of sp2 hybridized carbon.30
Figure 3a shows the Raman spectra of the as-grown
and the graphitized carbon microcoils. Figures 3b and 3c
show the curve fitting by the Lorentzian method of the Ra-
man spectra of the as-grown and the graphitized carbon coils,
respectively. One can notice that the peak locations are al-
most the same for both as-grown and graphitized samples;
however, the widths and relative heights of the D and G
peaks change significantly after the thermal treatment.
According to the study of Matthews et al.,31 the mean
crystal size in the a-direction La is given by
La = C0 + C1LID/IG−1, 1
where ID and IG are the measured intensities of the D and G
peaks, respectively, C0=12.6 nm and C1=0.033 are the fit-
ting constants, and L=532 nm is the laser wavelength.
Table I shows the characteristics of the G and D bands of the
Raman spectra of the as-grown and graphitized carbon mi-
crocoils. As can be seen from Table I, the Raman spectrum of
the as-grown carbon microcoils reveals two peaks at
1336.4 cm−1 D band and 1589.5 cm−1 G band. Hence,
compared to the 1580 cm−1 peak position of the G band of a
highly oriented pyrolytic graphite sample,32 the position of G
band shifts toward higher wavenumbers, which indicates that
the carbon microcoils of our interest exhibit a relatively low
degree of graphitization. Moreover, the D and G bands of the
as-grown carbon microcoils are relatively wide, even over-
lapping each other, and the intensity ratio of the D and G
bands is approximately 1.0. In this case, the calculated inte-
gral intensity ratio is R=2.43. The corresponding mean crys-
tal size in the a-direction is 2.04 nm; this indicates that the
as-grown carbon microcoils are mostly made of a disordered
carbon phase and also contain a large number of small car-
bon nanoparticles.
The situation changes significantly after the thermal
treatment. Indeed, the intensity of the G band 
1580.5 cm−1 of the graphitized carbon microcoils be-
comes higher than the intensity of the D band
1346.4 cm−1. Moreover, the two peaks of the graphitized
carbon microcoils almost completely separate from each
other, leaving only a minor overlap around the peak bases. In
this case, R decreases in almost 3.6 times to approximately
0.678. The corresponding mean crystal size in the
a-direction shows a more than threefold increase to 7.21
nm. This dramatic increase in the mean crystal size evi-
dences the presence of larger domains of ordered graphitic
carbon as compared to the as-grown carbon microcoil case.
This is a clear indicator of the improved order and larger
grain sizes in the graphitized carbon microcoils.
B. Crystalline structure
The crystallinity and structural characteristics of the car-
bon microcoils of our interest were studied by XRD mea-
surements using Bragg’s and Scherrer’s formulas. Figure 4
shows representative XRD spectra of the as-grown and the
graphitized carbon microcoils. Table II presents the peak
FIG. 3. Color online a Raman spectra and b–c curve fitting of the
Raman spectra of the carbon microcoils b before andc after graphitiza-
tion. Curves 1 and 2 are for the as-grown and thermally treated microcoils,
respectively.
TABLE I. Raman characteristics of the as-grown and graphitized carbon microcoils.
Sample D-band
peak-top
G-band
peak-top
D-band
intensity
G-band
intensity
D-band
integral intensity
G-band
integral intensity
R La
nm
Before graphitization 1336.4 1589.5 477.9 488.3 122 583.3 50 372.4 2.43 2.04
After graphitization 1346.4 1580.5 167.2 363.6 13 821.63 20 383.5 0.678 7.21
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value, the interlayer spacing, d, and the corresponding Miller
index of the as-grown and graphitized carbon microcoils.
Figure 4 curve a shows a typical XRD spectrum of
the as-grown carbon microcoils in which the two peaks, at
2=24.53° and 43.37°, can be assigned as typical graphitic
002 and 10 planes, respectively. The strong 002 peak
can be attributed to the c-axis columnar structures, which
also exist for other materials.33 Apparently broad XRD peaks
suggest a low degree of graphitization and also a possible
presence of amorphous carbon and disordered small nano-
crystallites. The average interlayer spacing, d002, at 2
=24.53° is 0.36 nm, which is clearly larger than 0.36 and
0.34 nm that correspond to the standard and turbostratic
graphite structures, respectively.34,35 Moreover, the band rep-
resenting 002 planes is relatively broad, which indicates
that the structure of the as-grown carbon microcoils is simi-
lar to the graphite sheet structure. The observed broadening
of the 002 peak can be attributed to the presence of disor-
dered carbon crystallites with different interlayer spacing.
One can also stress that the large 002 peak intensity indi-
cates a relatively high degree of crystallinity of the as-grown
carbon microcoils.
Therefore, the carbon microcoils of our interest contain a
reasonably large number of small nanocrystals embedded in
amorphous matrix. As such, this material can be termed
polymorphous pm microcoils with nanocrystalline inclu-
sions or simply polymorphous nanocrystalline microcoils,
similar to pm-Si films.36 Meanwhile, the 10 peak at ap-
proximately 43.5° is quite wide and can be decomposed into
two strongly overlapping 100 and 101 diffraction peaks.
Moreover, the 004 peak near 54°, which is quite common
to crystalline graphite-based films, does not show in the
XRD spectra. This is additional, although indirect, evidence
of the relatively poor degree of crystallinity of the as-grown
microcoils.
Compared to that of the as-grown carbon coils, the XRD
pattern of the graphitized carbon coils features a sharp and
strong peak at 2=26.34° as suggested by curve b in Fig.
4. The corresponding average interlayer spacing d002 is
around 0.34 nm, which approaches that of the ideal graphite.
Meanwhile, the 10 peak of the graphitized carbon micro-
coils becomes very sharp. Furthermore, the 100 and 101
peaks are almost completely separate and the 004 peak near
54° has been observed distinctly. In particular, these results
reveal that the sizes and number density of nanocrystals
within the amorphous matrix of the graphitized carbon mi-
crocoils increased after the thermal treatment. Above all, a
smooth XRD spectrum with very sharp and well-resolved
peaks in Fig. 4 curve b evidences a significant reduction
in the density of structural defects following the graphitiza-
tion treatment.
According to Scherrer’s formula,37 we have
Lc = k/ cos  , 2
where Lc is the mean nanocrystal size in the c-direction in
nanometer, 0.15 nm is the x-ray wavelength, k is the
shape factor in this case it is accurate to assume k=0.9,  is
the Bragg angle in degrees, and  is the line broadening
measured at the half height and expressed in radians. In ad-
dition, the degree of graphitization G of the carbon micro-
coils of our interest was determined from the d-spacing of
the 002 peak, using the following formula:38
G = dturbo − d002dturbo − dpyro−1, 3
where dturbo=3.46 Å is the d-spacing for a fully turbostratic
disordered material and dpyro=3.35 Å is the d-spacing of
highly oriented pyrolytic graphite. The parameter G de-
creases with the proportion of turbostratic disorder, and is a
measure of the degree of graphitization.
The XRD results are summarized in Table III. Using
these results we have calculated that after graphitization Lc
3.85 nm, which is 2.35 times larger than the mean crystal
size in the c-direction of the as-grown carbon microcoils
Lc=1.64 nm. Moreover, the degree of graphitization of the
carbon microcoils after treatment is 76.15%, which means
that the content of crystalline carbon in the coils is higher
than the content of amorphous carbon. These changes are in
agreement with the results of the Raman analysis.
C. Thermal properties and oxidation stability
TGA experiments in an air atmosphere allow the thermal
stability of carbon materials to be assessed. Since carbon
coils may be quite sensitive to oxidation, this analysis also
provides valuable information with regard to the defects
when the experiment is performed in air. Figure 5 shows
typical TGA curves of the as-grown and the graphitized car-
bon microcoils. As can be seen in Fig. 5a, when heated in
air, the as-grown carbon microcoils are stable at temperatures
TABLE II. Diffraction characteristics of the carbon microcoils.
Serial
number
2 value
deg
Mean interlayer spacing
nm
Miller
index
1 24.53/26.34 0.36/0.34 002
2 42.37 0.21 100
3 ¯ 0.20 101
4 ¯ 0.18 102
5 54.25 1.69 004
FIG. 4. Color online XRD spectra of the carbon microcoils a before and
b after graphitization.
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below 550 °C. However, at temperatures above 560 °C, the
slope of the TGA curve becomes steep and downward. In
this case, the oxidation onset temperature is 573 °C and the
as-grown carbon microcoils are completely burnt when the
temperature reaches 700 °C. The steepness of the slope may
be indicative of lattice defects which enable oxygen to
readily permeate the material thus effectively facilitating
rapid oxidation. As suggested by a solid curve in Fig. 5,
oxidation of microcoils which underwent the heat treatment
comes into play at temperatures exceeding 672 °C. More
importantly, after graphitization, much higher temperatures
in excess of 867 °C are required to burn the carbon micro-
coils.
Therefore, the combination of the Raman, XRD, and
TGA results can be summarized to evidence that
• even though the as-grown microcoils exhibit a quite
low degree of graphitization, they still show very good
thermal properties;
• graphitization treatment leads to purification of the as-
grown carbon coils;
• crystal structure of the microcoils is significantly im-
proved;
• this is accompanied by a significant increase in the
degree of crystallinity;
• the mean nanocrystal size embedded in an amorphous
matrix increases after the thermal treatment; and
• thermal properties of the carbon microcoils are also
improved remarkably through the graphitization
process.
D. Model of structural transformation during
graphitization
According to the widely accepted theory, graphite is the
most stable carbon allotrope and has the lowest free energy
and reactivity among all carbon materials. Graphitization is a
solid state transformation of thermodynamically metastable
nongraphitic carbon into graphite by thermal activation. It is
important to note that during this process the structural trans-
formations mostly affect the existing nanocrystalline and
amorphous graphite phases rather than any available sp3 hy-
bridized carbon. As we have seen from the results of the
SEM, Raman, and XRD analyses, the structural changes in
carbon microcoils proceed via the growth of crystalline
graphite and ordering/graphitization of the amorphous car-
bon.
Based on the available morphological and structural in-
formation we propose a model to explain the graphitization
mechanism sketched in Fig. 6. Initially, there are some amor-
phous carbon and structure defects in the as-grown carbon
microcoils prepared by CVD at a relatively low process tem-
perature shown in Fig. 6a. The graphitization process pro-
ceeds from the outer surface where thermal activation of car-
bon atoms is stronger. In this outer area nonsaturated carbon
dangling bonds are plentiful. These dangling bonds can eas-
ily become saturated with carbon atoms from the amorphous
phase at the edge of developing graphite sheets. This process
eventually expands into the inner regions within the micro-
coils.
At high temperatures, amorphous carbon tends to crys-
tallize and transform into disordered short graphitic layers.
Then the graphitic layers absorb energy and find themselves
in a metastable state which enhances the oscillations of the
crystal lattice. Therefore, some fraction of the graphite layers
exceeds the required energy barrier and becomes ordered
Fig. 6b. Finally, curly graphite atom layers start to unbend
and release the energy and eventually arrange themselves
from the original random states to the final state wherein
carbon microcoils are graphitized Fig. 6c. Moreover, the
existing nanocrystalline seeds in as-grown carbon microcoils
facilitate and enhance the formation of graphite crystalline
lattices. In a sense, carbon microcoils possess a higher spe-
cific surface energy compared to regular micron-sized carbon
fibers. The large surface free energy results in an increase in
the total free energy of the carbon microcoil system; this in
turn leads to the microstructural changes due to the removal
of defects frozen into the boundaries between adjacent el-
ementary units.
TABLE III. Crystallite size in the c-direction and degree of graphitization of the as-grown and graphitized carbon microcoils.
Sample 2002
deg
Mean interlayer spacing d002
nm
Degree of graphitization
%
Full width at half maximum 002
rad
Lc
nm
Before graphitization 24.53 0.36 ¯ 0.87 1.64
After graphitization 26.34 0.34 76.15 0.37 3.86
FIG. 5. TGA curves of the carbon microcoils before and after graphitization
treatment.
FIG. 6. Schematic of structural transformations in carbon microcoils in the
graphitization process.
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IV. CONCLUSIONS
In this paper, we have reported on a simple CVD method
for the fabrication of carbon microcoils by catalytic pyrolysis
of acetylene using Ni powder as catalyst, thiophene as a
growth promoter at relatively low process temperatures of
740–760 °C. Our particular focus in this work has been on
the effect of graphitization on the morphology, microstruc-
ture, and thermal properties of polymorphous nanocrystalline
carbon microcoils. The microcoils are helically twisted car-
bon fibers with the diameter of 2–6 m, coil pitch
0.6–0.9 m, and coil length of 0.3–5 mm. There are traces
of carbon black and noncrystalline carbon on the surfaces of
the as-grown coils, which feature a polymorphous micro-
structure wherein ultrafine nanocrystallites with the average
size of a few nanometers are embedded in an amorphous
carbon matrix. After the growth process, the average inter-
layer spacing d002 of the as-grown carbon microcoils is 0.36
nm, with the average crystal sizes in the c- and a-directions
Lc and La being 1.64 and 2.04 nm, respectively. This reflects
a relatively low degree of graphitization of the as-grown car-
bon microcoils and the presence of some disordered carbon.
The as-grown carbon microcoils are stable below 550 °C in
air, and the oxidation onset temperature is 573 °C.
After the graphitization process, helical morphologies of
carbon microcoils do not change and the carbon microcoils
are effectively purified from most of contaminants. The av-
erage interlayer spacing d002 decreases to 0.34 nm, which
approaches that of ideal graphite. Moreover, the average
nanocrystal size in the thermally treated carbon microcoils
shows a significant increase to more than 7 nm. The graphi-
tization degree of carbon microcoils after the thermal activa-
tion is very high approaching that of ideal graphite. Above
all, the thermal properties of the microcoils can be substan-
tially improved, which is confirmed by TGA. We have also
proposed a model to clarify the structural transformations
during the graphitization process. This process may be suit-
able for other nongraphitic carbon micro- and nanomaterials.
Our ongoing efforts are to explore the effects of thermally
nonequilibrium systems such as low-temperature plasmas of
inert gases on post-treatment of the microcoils of this work.
The possible plasma- and ion-related effects may include
better purity of the microcoil surfaces, coil reshaping, func-
tional overcoats, improvement of the crystalline structure,
faster growth rates, and several others.39–41 This enhanced
process has a potential to offer additional effective micro-
structure controls of polymorphous nanocrystalline carbon
microcoils, a unique subclass of micro-/nanocarbons.
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